Abstract Dyslexia is the most common and carefully studied of the learning disabilities in school-age children. It is characterized by a marked impairment in the development of reading skills, and affects a large number of people (5-10%). Reading difficulties may also arise from poor vision, emotional problems, decreased hearing ability, and behavioral disorders, such as attention-deficit hyperactivity (ADHD). Although many areas of the brain are involved in reading, analysis of postmortem brain specimens by a variety of imaging techniques most consistently suggests that deficiency within a specific component of the language system-the phonologic module-in the temporo-parietal-occipital brain region underlies dyslexia. It is a highly familial and heritable disorder with susceptibility loci on chromosomes 1, 2, 3, 6, 11, 13, 15 and 18. Recently, four candidate genes (KIAA 0319, DYX1C1, DCDC2 and ROBO1) are shown to be associated with dyslexia. Although some of these results are controversial because of the genetic heterogeneity of the disorder, the available evidence suggests that dyslexia could be due to the abnormal migration and maturation of neurons during early development. Interestingly, in spite of genetic heterogeneity, the pathology appears to involve common phonological coding deficits. The condition can be managed by a highly structured educational training exercise.
Introduction
Developmental dyslexia (DD), which is also known as specific reading disability, is a complex cognitive disorder. It is perhaps the most common neurobehavioral condition and the most carefully studied of the childhood learning disabilities. The disorder affects a large number of people, and its prevalence in school age children is approximately 5-10% (Shaywitz et al. 1990 (Shaywitz et al. , 1992 Pennington 1990) . It is a persistent chronic condition and the affected individuals do not have defects in vision or hearing, although these deficits may also affect reading ability. They also do not have acquired neurological problems but have normal intelligence and school attendance. Although previous studies suggested that dyslexia affects both males and females equally (Rumsey 1992) , recent reports indicate that it is more common in boys than in girls (Rutter et al. 2004; Liederman et al. 2005) . It has a recurrence risk of approximately 4.52 for spelling and reading, as demonstrated by single proband sib-pair design, and a one standard deviation discrepancy criterion (Ziegler et al. 2005a) . The clinical features of dyslexia may overlap with other disorders, such as language learning disability (Vicari et al. 2005; Ziegler et al. 2005b) , alexia (acquired reading disorder), hyperlexia, and attentiondeficit hyperactivity disorder (ADHD). However, none of these disorders involve phonologic deficits similar to dyslexia (Shaywitz 1998). impairment is unknown. In many children, reading difficulty may improve over time but impairment in spelling remains affected. However, it should be remembered that many dyslexic patients are successful in a variety of professional disciplines, such as law, medicine, science and education. There are a number of theories that have been proposed for the disorder. These are called auditory processing, cerebellar, visual, and phonological theory (Petkov et al. 2005; Ramus et al. 2003) . In accordance with these theories, neurological evaluation demonstrated deficit in verbal memory, language and phonological coding (ability to explicitly recognize individual phonemes in words), suggesting the involvement of the left hemisphere (Rumsey 1992) . A minority of dyslexic children have particular difficulty with the phonological auditory channel and slow speed of processing in verbal and non-verbal tasks (MillerShaul 2005; Boets et al. 2006) . In addition, a subgroup of dyslexic children exhibit visual perceptual deficits, but therapies aimed to improve perception are unsubstantiated. There is also a difference between familial and typically developing infants in productive language patterns (Koster et al. 2005) . Additionally, a multiple sensory system involvement as well as differences in reading deficits between adults and children has been reported (Hairston et al. 2005; Osmon et al. 2005) . Dyslexic patients may also have impaired balancing skills, low-level sensory and motor learning deficits, and cerebellar dysfunction (Stoodley et al. 2005; 2006) .
Because of the limited availability of postmortem brain specimens and its non-life-threatening nature, only limited information on the neuropathology of dyslexia is available. Although many areas of the brain are involved in reading, neurobiological studies of brain specimens, using functional magnetic resonance imaging, diffusion tensor imaging and brain morphometry techniques, suggest the dysfunction of left temporoparieto-occipital brain regions in dyslexia (Eckert et al. 2005; Rumsey 1992; Shaywitz 1998; Shaywitz and Shaywitz 2005; Donfrancesco et al. 2005) . These regions are known to perform phonemic analysis and conversion of written symbols to phonological units of speech. Consistent with the above finding is the observation that the development of fluent reading in children can be correlated with the altered density of gray and white matter structure in the left temporal parietal region (Deutsch et al. 2005; Silani et al. 2005) . Interestingly, this neurological abnormality is the same across cultures. Thus, it has been commonly agreed that a dysfunction in phonological processes (Fosker and Thierry 2005; Elbro and Jensen 2005) that involve the left temporo-parietal brain region may determine developmental dyslexia. This region may be involved in analyzing the written word. However, this cannot be a universal theory because there is no deficit in the posterior-temporal brain region in Chinese dyslexic patients (Siok et al. 2004; Ziegler 2006) . Instead, there is a functional disruption of the left middle frontal gyrus. In general, during reading, it is believed that information from the association cortex of the occipital lobe is transferred to the angular gyrus and then to the superior temporal gyrus which is critical to phonological coding (Henderson 1986 ). Thus, it appears that properties of the script and the type of task may determine the reading problems even if there is a common region involved (Ziegler et al. 2003; Raman and Weekes 2005) . Moreover, the above study also suggests that biological reading deficits may depend on culture. Additional studies indicate that a letter processing impairment, which is due to the serial encoding of letters (Rayner and Johnson 2005) , may be the fundamental cause of the disorder (Fiset et al. 2005; Arguin and Bub 2005) . Both cerebral hemispheres contain phonological, orthographic (knowledge of which letters occur together) and semantic representation of words. However, both of these hemispheres are not functionally equal and that may explain the differences between people with dyslexia (Lavidor et al. 2006 ). In addition, differences in the locus of cerebellar impairment may be responsible for subtypes of dyslexia, such as developmental surface and developmental deep dyslexia (Shu et al. 2005; Nocolson and Fawcett 2005) .
Reading consists of two main basic processes: decoding and comprehension. There is a strong consensus among investigators in the field that deficiency within a specific component of the language system-the phonologic module-underlies dyslexia. This phonological awareness is strongly heritable. In dyslexia, because of the impairment in the phonologic module, patients are unable to decode and identify the word (Shaywitz 1998 ). An additional more consistent finding in dyslexia is the lack of planum temporale asymmetry that is important for language function. It has been hypothesized that this symmetry is due to reduced cell death during fetal development (Galabnrda et al. 1985; Paul et al. 2006 ). This may result in an excess of neurons in the right planum that may contribute to miswiring of the brain. It is also possible that in dyslexics cortical auditory processing may be differently organized.
Genetics
As discussed above, dyslexia is a disorder within the language system, in particular phonological processing.
It is highly familial and heritable, but the pathophysiology and mode of transmission of DD are not known. There may be two types of reading impairments: one could be due to genetics and the other to environmental influences . There is strong evidence (affected parent) for a genetic contribution to the disorder. According to twin studies, only certain reading related skills (phonological aspects of reading accuracy) are inherited and the heritability of the disorder is approximately 0.71 (Pennington et al. 1991; Schulte-Korne 1996; DeFries et al. 1987) . When children of consanguineous marriages were examined for their reading disabilities, the rate of reading disabilities is higher in children of firstcousin parents than that of second-cousin or unrelated parents. This suggests a genetic basis of reading disabilities (Abu-Rabia and Maroun 2005). Genetic linkage and association studies have reported several susceptibility loci on chromosomes 1p (DYX8), 2p (DYX3), 3p (DYX5), 6p (DYX2), 11p (DYX7), 15q (DYX1), 18p (DYX6), and Xq27.3 (DYX9) (Rabin et al. 1993; Grigorenko et al. 2001 Grigorenko et al. , 2003 Grigorenko et al. , 1997 Tzenova et al. 2004; Fagerheim et al. 1999; Francks et al. 2002; Kaminen et al. 2003; Chapman et al. 2004; Cardon et al. 1994; Fisher et al. 1999 Kaplan et al. 2002 Turic et al. 2003; Schulte-Korne et al. 1998; Morris et al. 2000; Marlow et al. 2003; Hsiung et al. 2004) . Recently, a genome-wide scan also identified the chromosome 13 locus for subphenotypes of dyslexia (Igo et al. 2006) .
Among these chromosomes, a region on chromosome 6p is most consistently supported in a number of independent samples. Recently, it was shown that a variation in the KIAA 0319 gene on chromosome 6p is associated with dyslexia (Cope et al. 2005; Franks et al. 2004 ). This gene is highly expressed in the brain but its function is unknown. Its structural analysis shows homology to the extracellular domains of the protein PKD1 which are involved in cell adhesive functions (Streets et al. 2003) . A second gene, DCDC2 (doublecortin domain-containing 2 which may be involved in cortical neuron migration) from the 6p22 region, has also been proposed as a candidate gene (Meng et al. 2005b; Schumacher et al. 2006a ). In affected dyslexic individuals, a short stretch of DNA within the DCDC2 gene is deleted and the gene is highly expressed in fetal and adult brain regions. A third candidate gene, located on chromosome 15q (DYX1), was also found to be associated with dyslexia in a cohort from Finland. This gene, known as DYX1C1, is disrupted by the translocation, and two variants (-3G fi A and 1,249G fi T) are associated with dyslexia. It is also expressed in human glial and neuronal cells but its function is not known. However, this result is not replicated in a twin cohort and a family-based association study by other investigators (Marino et al. 2005; Meng et al. 2005a; Bellini et al. 2005) . To resolve this discrepancy, either more studies are needed or this discrepancy could be due to genetic heterogeneity of dyslexia in different populations. It is also not associated with other language related disorders such as autism (Ylaisaukko-oja et al. 2005) . Additionally, in one large family, a fourth candidate gene that codes for an axon guidance receptor gene (ROBO1), which is orthologous to the drosophila roundabout gene (involved in neuronal connections between the two sides of the brain), is found to be disrupted by a chromosome translocation. This result is replicated in the German population but not in British populations. The above results may suggest that genes involved in neuronal migration and maturation during early development may play an important role in dyslexia (HannulaJouppi et al. 2005) . Interestingly, in spite of genetic heterogeneity in dyslexia, there appears to be a common phonological coding deficit in affected individuals.
Concluding remarks
One of the learning disabilities in school-aged children is the reading disorder that is also known as dyslexia. Reading difficulties may arise from poor vision, emotional problems, behavioral disorders such as ADHD, and decreased hearing ability. Although children with DD have adequate motivation and intelligence, they have substantially low-level reading achievement compared to what would be expected for that age level. They have difficulties in reading and spelling. Hence, it is a disorder within the language system and, in particular, phonological processing. A variety of neurobiological studies with postmortem brain specimens suggest the involvement of the temporo-parietooccipital brain region in dyslexia. It is a highly heritable and genetically heterogeneous disorder and several susceptibility loci have been reported. This includes chromosomes 1, 2, 3, 6, 11, 13, 15, and 18. Among these, chromosome 6p is most consistently supported by a number of independent samples. Recently, it was shown that a variant in a gene on chromosome 6p is associated with dyslexia. However, its replication awaits further studies. Similarly, the largest genome wide linkage reported to date is chromosome 18 which has been described as having the strongest influences on single word reading. However, a recent finding disputes this observation. The discrepancy could be due to limited power of the study and differences in study design (Schumacher et al. 2006b ). Dyslexia can be managed by a highly structured educational training exercise, such as segmenting a spoken word into its individual sounds or identifying rhyming and nonrhyming words. In addition, providing extra time for reading, laptop computers, tape recorders, access to lecture notes in the class, and tutors may accommodate dyslexic students.
